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From this aspect, we focus our attention on one of the most challenging kinds of metal species based on copper, which is pretty cheap and abundant. On the other hand, copper-based catalysts have been widely investigated for the hydrogenation of biomass[@cit22],[@cit23] and CO~2~,[@cit24]--[@cit27] with the activity being mainly attributed to the Cu^0^ species in vapor-phase reactions.[@cit23],[@cit28] For instance, Ma *et al.* revealed that the formation rate of alcohol is strongly correlated with the density of surface Cu^0^ sites.[@cit25],[@cit29] Notably, compared with Cu^0^ and Cu^2+^, Cu^+^ has a higher hydrogenation activity considering its intrinsic ability to facilitate electron transfer through gaining or losing an electron.[@cit25],[@cit30],[@cit31] Many studies have reported that Cu^0^/Cu^+^ leads to an enhanced catalytic activity for hydrogenation, which is attributed to the activation of the ester groups by Cu^+^ species in the production of alcohols.[@cit30],[@cit32]--[@cit34] However, these conjectures are inconclusive as obtaining Cu^+^ is synthetically challenging due to its tendency to easily oxidize to Cu^2+^ or reduce to Cu^0^ during catalyst preparation and processing. The key to success lies in the design and fabrication of copper-containing composites capable of stabilizing the highly active Cu^+^ species through interface interactions. This will also enable a deeper understanding of the catalytic contributions from the Cu^+^ species, which is significant for the rational design of active hydrogenation catalysts.

As previously reported, the CoO~*y*~ in Cu catalyst not only enhances the metallic Cu dispersion and H~2~ activation ability, but also modifies the chemical states of Cu to create suitable surface Cu^0^/Cu^+^ distributions due to strong electronic interactions at the Cu/CoO~*x*~ interface.[@cit35] This inspires us to fabricate multi-component heterogeneous catalysts containing Cu^+^ species. It is known that the adsorption and activation of H~2~ constitutes another critical step in the hydrogenation reactions. Various kinds of materials have been reported to activate H~2~ by homolytic or heterolytic dissociation.[@cit36],[@cit37] Recently, Sai *et al.* created solid frustrated Lewis pairs (FLPs) on the surface of CeO~2~ by regulating their surface defects. The resultant catalysts exhibited H~2~ dissociation ability with a low activation barrier and delivered a high catalytic activity for hydrogenation of alkenes and alkynes, as well as transformation of CO~2~.[@cit38],[@cit39] However, the catalytic activity of these CeO~2~-based materials is still insufficient to achieve hydrogenation of aromatic rings. Therefore, we expect that the combination of Cu, Co and Ce species will create enhanced H~2~ activation capability, realize the hydrogenation of aromatic rings under mild conditions through a synergistic effect, and lead to further understanding of the interface interaction during the catalytic procedure.

In previous studies, our group developed a simple fabrication procedure to obtain a ternary CuO--Co~3~O~4~--CeO~2~ catalyst, which showed excellent catalytic activity for CO oxidation.[@cit40] Herein, a simple active site creation and stabilization strategy was employed to obtain a Cu^+^-containing ternary mixed oxide catalyst. Simply by pre-treatment of the ternary metal oxide precursor under a H~2~ atmosphere, a Cu^+^-derived heterogeneous catalyst was obtained and denoted as Cu~1~Co~5~Ce~5~O~*x*~. The catalyst showed (1) high Cu^+^ species content, (2) a uniform distribution of Cu^+^ doped into the lattices of CoO~*x*~ and CeO~2~, (3) formation of CoO~*y*~/CuO~*x*~ and CeO~2~/CuO~*x*~ interfaces, and (4) a mesoporous structure. These unique properties of Cu~1~Co~5~Ce~5~O~*x*~ endow it with pretty high hydrogenation activity for aromatic rings under mild conditions (100 °C with 5 bar H~2~), which is much higher than that of the corresponding binary counterparts and even exceeds the performance of commercial noble metal catalysts (*e.g.* Pd/C). The synergetic effect plays a crucial role in the catalytic procedure with CeO~2~ functioning as a hydrogen dissociation and transfer medium, Cu^+^ hydrogenating the benzene ring and CoO~*x*~ stabilizing the unstable Cu^+^ species. This will unlock a new opportunity to design highly efficient earth-abundant metal-derived heterogeneous catalysts *via* interface interactions.

The ternary Cu~1~Co~5~Ce~5~O~*x*~ catalyst was prepared *via* a two-step approach involving co-precipitation and heat-treatment. Cu~1~Co~5~Ce~5~O~*y*~ with a Cu : Co : Ce atomic ratio of 1 : 5 : 5 was first synthesized using a co-precipitation method,[@cit40],[@cit41] and further pre-treatment at 100 °C with 5 bar H~2~ for 24 h leads to the formation of Cu~1~Co~5~Ce~5~O~*x*~. The ICP result shown in Table S1[†](#fn1){ref-type="fn"} confirmed that the Cu : Co : Ce atomic ratio was almost the same as that calculated from the raw ratio. The XRD pattern of Cu~1~Co~5~Ce~5~O~*y*~ in [Fig. 1a](#fig1){ref-type="fig"} suggests that the as-synthesized ternary oxides are composed of crystalline CeO~2~ and Co~3~O~4~. After H~2~ heat-treatment, no change in the diffraction peaks of CeO~2~ and Co~3~O~4~ was found in Cu~1~Co~5~Ce~5~O~*x*~. Then, we compared the XRD pattern of CeO~2~ (PDF\#81-0792),[@cit42] Co~3~O~4~ (PDF-74-1657)[@cit43] and Cu~1~Co~5~Ce~5~O~*x*~ as shown in [Fig. 1(a)](#fig1){ref-type="fig"} to further prove that Cu is doped into the lattices of CoO~*y*~ and CeO~2~ in Cu~1~Co~5~Ce~5~O~*x*~. It was found that the XRD peaks for Ce and Co in Cu~1~Co~5~Ce~5~O~*x*~ shifted to lower 2 theta angle, which means a larger lattice parameter of the CeO~2~ and Co~3~O~4~ in Cu~1~Co~5~Ce~5~O~*x*~ than the pure CeO~2~ and Co~3~O~4~ after the introduction of copper species, as well as providing evidence to show that the Cu ions are incorporated into the CeO~2~ and Co~3~O~4~ crystallites in Cu~1~Co~5~Ce~5~O~*x*~.[@cit42],[@cit44] Then we investigated the structure of CuCoO~*x*~ (Cu : Co = 1 : 10 mole ratio), CuCeO~*x*~ (Cu : Ce = 1 : 10 mole ratio) and CoCeO~*x*~ (Ce : Co = 1 : 1 mole ratio) by XRD and the results are shown in Fig. S1.[†](#fn1){ref-type="fn"} The results showed that the 10 mol% Cu dispersed well in the CoO~*x*~ and CeO~*x*~ with almost no Cu XRD peak observed. Thus, in this work, the Cu uniformly distributed among CoO~*y*~ and CeO~2~, respectively. XPS was performed to probe the oxidation states of Co and Cu on the surface of the ternary oxides. As shown in [Fig. 1b--d](#fig1){ref-type="fig"}, both Cu 2p and Co 2p peaks exhibit peak shifts towards lower energies, indicating that the H~2~ pre-treatment significantly reduces the surface of Cu~1~Co~5~Ce~5~O~*y*~ and partially lowers the oxidation states of the metal species (Cu^2+^ 934.1 eV, Co^3+^ 781.2 eV, Cu^+^/Cu^0^ 932.0 eV and Co^2+^ 779.2 eV, Table S2[†](#fn1){ref-type="fn"}).[@cit45] Considering the overlap of the XPS peaks corresponding to Cu^+^ and Cu^0^, we turned to Cu LMM to determine the Cu oxidation states in the ternary oxide catalysts ([Fig. 1d](#fig1){ref-type="fig"} and S2[†](#fn1){ref-type="fn"}), where only Cu^2+^ (569.3 eV) was observed in the Cu~1~Co~5~Ce~5~O~*y*~ catalyst while only Cu^+^ (573.2 eV) was observed in the Cu~1~Co~5~Ce~5~O~*x*~ catalyst.[@cit46]--[@cit48] Therefore, the spectroscopic results indicate that Cu^+^ and Co^2+^ are formed on the surface of Cu~1~Co~5~Ce~5~O~*x*~ after the H~2~ pre-treatment. CeO~2~ exhibits hydrogenation activity for unsaturated compounds as the oxidation states of Ce can change reversibly between Ce^4+^ under oxidizing conditions and Ce^3+^ under reducing conditions.[@cit49],[@cit50] As shown in [Fig. 1e](#fig1){ref-type="fig"}, XPS has been performed for Cu~1~Co~5~Ce~5~O~*y*~ and Cu~1~Co~5~Ce~5~O~*x*~ to distinguish between the Ce^4+^ and Ce^3+^ species, where the shifting of peaks to lower binding energy may be due to a higher proportion of Ce^3+^.[@cit50] Chen *et al.*[@cit51] reported that active Cu clusters consist of Cu^0^ at the top layer and Cu^+^ species at the Cu/CeO~2~ interface due to electron depletion caused by the oxygen vacancies (O~v~) in CeO~2~. In our case, the H~2~ pre-treatment may create more oxygen vacancies which stabilize Cu^+^ through forming Cu^+^--O~v~--Ce^3+^ interfacial bonds. It was found that the Cu species in CuCoCeO~*y*~ after pre-treatment for 6 h and 18 h were almost maintained at the Cu^2+^ state (Fig. S3[†](#fn1){ref-type="fn"}). However, it seemed that the Co was easily reduced and more Co^2+^ was formed compared with the CuCoCeO~*y*~ after pre-treatment for 6 h and 18 h. And for Ce, the Ce in CuCoCeO~*y*~ after pre-treatment for 6 h have no significant change compared with the starting material, with all the Ce species in the state of Ce^4+^. After pre-treatment for 18 h, a small amount of Ce^3+^ formed.

![(a) XRD patterns, and (b) XPS results of Co 2p, (c) Cu 2p, (d) Cu-LMM, and (e) Ce 3d in Cu~1~Co~5~Ce~5~O~*y*~ and Cu~1~Co~5~Ce~5~O~*x*~ obtained before and after pre-treatment under 5 bar H~2~ and 100 °C temperature for 24 h.](d0sc02238a-f1){#fig1}

As reported in our previous work,[@cit40],[@cit41] the as-synthesized Cu~1~Co~5~Ce~5~O~*y*~ without H~2~ treatment showed a structure with copper--ceria and cobalt--ceria interfaces (Fig. S4[†](#fn1){ref-type="fn"}). To further probe the structural details of the ternary Cu~1~Co~5~Ce~5~O~*x*~ as well as the interface of CoO~*y*~(Cu~2~O)--CeO~2~(Cu~2~O), STEM-HAADF with EDS elemental mapping was conducted as shown in [Fig. 2](#fig2){ref-type="fig"}. The absence of the diffraction peaks corresponding to Cu, Cu~2~O, or CuO in the XRD pattern ([Fig. 1a](#fig1){ref-type="fig"}), together with a uniform distribution of Cu among CoO~*y*~ and CeO~2~ in the STEM-EDS elemental maps ([Fig. 2](#fig2){ref-type="fig"}), suggests that Cu is doped into the lattices of CoO~*y*~ and CeO~2~ for Cu~1~Co~5~Ce~5~O~*x*~ and forms CoO~*y*~/CuO~*x*~ and CeO~2~/CuO~*x*~ interfaces.

![STEM-HAADF images and EDS elemental mapping images of Cu, Co and Ce in the Cu~1~Co~5~Ce~5~O~*x*~ catalyst.](d0sc02238a-f2){#fig2}

The N~2~ adsorption--desorption isotherm at 77 K is shown in [Fig. 3a](#fig3){ref-type="fig"} and the sample exhibits a typical type IV shape isotherm, suggesting the existence of mesopores with 2--10 nm pore diameters in Cu~1~Co~5~Ce~5~O~*x*~ after H~2~ treatment. The Brunauer--Emmett--Teller (BET) surface area of the Cu~1~Co~5~Ce~5~O~*x*~ is estimated to be 82 m^2^ g^--1^ with a total pore volume of 0.13 m^3^ g^--1^ ([Fig. 3](#fig3){ref-type="fig"}), which is a little higher compared with that of the Cu~1~Co~5~Ce~5~O~*y*~ before H~2~ treatment (78 m^2^ g^--1^). Notably, mesopores played a dominant role in the pore structure, contributing ∼99% of the total pore volume (*V*~micro~ = 0 m^3^ g^--1^, calculated using the *t*-plot method). For catalytic or adsorptive materials, a high surface area together with a mesoporous structure can dramatically enhance their reactivity due to an improved mass transfer effect.[@cit52],[@cit53]

![(a) N~2~ adsorption/desorption isotherm at 77 K, (b) pore size distribution curve, (c) BET plot, and (d) benzene temperature programmed desorption of Cu~1~Co~5~Ce~5~O~*x*~ and Cu~1~Co~5~Ce~5~O~*y*~ catalysts.](d0sc02238a-f3){#fig3}

Acetyl benzene is selected as a model substrate to evaluate the catalytic properties of Cu~1~Co~5~Ce~5~O~*x*~ ([Fig. 4a](#fig4){ref-type="fig"}). In a typical catalytic experiment, 100 mg of Cu~1~Co~5~Ce~5~O~*y*~ was pre-treated at 100 °C with 5 bar H~2~ for 24 h. Then 150 mg acetyl benzene (A) and 5 mL hexane were added to the reaction solution for hydrogenation under the same conditions. The H~2~-pretreated ternary oxide catalyst Cu~1~Co~5~Ce~5~O~*x*~ exhibits excellent activity towards complete hydrogenation of both acetyl and benzene groups, producing ethylcyclohexane (D) with 100% conversion and 97% yield, which even exceeds the performance of commercial 5 wt% Pd/C catalysts (74% conversion and 72% yield) under the same reaction conditions ([Fig. 4b](#fig4){ref-type="fig"}). Further control experiments show that the untreated ternary oxide catalyst Cu~1~Co~5~Ce~5~O~*y*~ exhibited much inferior hydrogenation capability, with ethylbenzene (C) being obtained as the sole product (Fig. S5[†](#fn1){ref-type="fn"}). To further investigate the synergetic effect of the ternary oxides, H~2~-pretreated binary oxide catalysts including CuCeO~*x*~, CuCoO~*x*~, and CoCeO~*x*~ were prepared and the catalytic results indicated that ethylbenzene (C) was obtained in the presence of CuCeO~*x*~ and CuCoO~*x*~, and when using CoCeO~*x*~ as the catalyst, only reduction of the carbonyl group can be achieved, affording 1-phenylethanol as the product. That is, none of them showed the ability to hydrogenate the benzene ring. In addition, selective hydrogenation was realized using catalysts obtained by pre-treating Cu~1~Co~5~Ce~5~O~*y*~ under hydrogen with different times. Then, the XPS spectra of the CuCoO~*x*~ and CuCeO~*x*~ were measured (Fig. S6[†](#fn1){ref-type="fn"}). It can be found that without the synergistic effect of CoO~*x*~ and CeO~*x*~, the Cu species in CuCoO~*x*~ and CuCeO~*x*~ after H~2~ pre-treatment all existed as Cu^2+^ and Cu^0^, and controlled reduction to Cu^+^ cannot be achieved. This was also proved by CODRIFTS as shown in Fig. S7.[†](#fn1){ref-type="fn"} Therefore, Cu^+^ was the key factor in this work to achieve successful hydrogenation of the benzene ring. The generated Cu~1~Co~5~Ce~5~O~*x*~ catalysts exhibited distinct hydrogenation capabilities. As summarized in [Fig. 4c](#fig4){ref-type="fig"}, H~2~-pretreatments for 6 h, 18 h, and 24 h lead to the formation of 96% ethyl benzene (C), 98% ethyl benzene (C), and 97% ethyl cyclohexane (D), respectively. Therefore, the H~2~-pretreated ternary Cu--Co--Ce oxides show an excellent capability towards the hydrogenation of aromatic rings.

![(a) Catalytic hydrodeoxygenation of acetyl benzene. (b) Comparison of the catalytic activity using Cu~1~Co~5~Ce~5~O~*x*~, Cu~1~Co~5~Ce~5~O~*y*~, Pd/C, CuOCeO~2~, CoO~*y*~CeO~2~, and CuOCoO~*y*~ after H~2~ pretreatment. (c) Catalytic hydrodeoxygenation of acetyl benzene over the Cu~1~Co~5~Ce~5~O~*y*~ catalyst with different pre-treatment times. (d) Synergistic effect of Cu~2~O, CoO~*y*~ and CeO~2~ in the CCC catalyst. (e) Hydrogenation of other aromatic compounds containing the benzene ring. All the reactions were performed under the following conditions: catalyst (100 mg), hexane (5 mL), substrate (1.25 mmol), reaction time (24 h), temperature (100 °C), H~2~ (5 bar). Acetyl benzene was used as the substrate for the results in (a) and (b).](d0sc02238a-f4){#fig4}

As previously reported, compared with Cu^0^ and Cu^2+^, Cu^+^ has a higher hydrogenation activity considering its intrinsic ability to facilitate electron transfer through gaining or losing an electron.[@cit25],[@cit30],[@cit31] Many studies have reported that Cu^0^/Cu^+^ leads to an enhanced catalytic activity for hydrogenation, which is attributed to the activation of the ester groups by Cu^+^ species.[@cit30],[@cit33],[@cit34] However, it is difficult to isolate Cu^+^ species for direct comparison, as it can rapidly convert to Cu^0^ or Cu^2+^ during catalyst preparation and processing. Here we report a ternary oxide system Cu~1~Co~5~Ce~5~O~*x*~ where Cu^+^ can be formed and stabilized through a simple pretreatment under H~2~. As previously reported, the CoO~*y*~ in Cu catalyst not only enhances the metallic Cu dispersion and H~2~ activation ability, but also modifies the chemical states of Cu to create suitable surface Cu^0^/Cu^+^ distributions due to strong electronic interactions at the Cu/CoO~*x*~ interface.[@cit35] In our case, Cu is doped into the lattices of CoO~*y*~ and CeO~2~ for Cu~1~Co~5~Ce~5~O~*x*~ and CoO~*y*~ exists as a promoter to stabilize Cu^+^ under 5 bar H~2~ and 100 °C through interfacial effects with CeO~2~. This is further supported by the emergence of Cu^0^ after the pretreatment of CuCeO~*x*~ (Fig. S6 and S7[†](#fn1){ref-type="fn"}), indicating that Cu^2+^ will be reduced to Cu^0^ without cobalt. The stabilized Cu^+^ in Cu~1~Co~5~Ce~5~O~*x*~ exhibits an excellent catalytic performance for the hydrogenation of both benzene and C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O, while CuCeO~*x*~, CuCoO~*x*~, and CoCeO~*x*~ exhibit limited conversion and selectivity of converting acetyl benzene to ethylcyclohexane. It was also reported that the defect-enriched CeO~2~ constructed interfacial frustrated Lewis pairs (Ce^3+^···O^2--^) that effectively activate the H~2~ and CO~2~ ([@cit38]) and XPS results show that the H~2~ pretreatment led to the formation of Ce^3+^ with oxygen vacancies on the surface. Chen *et al.*[@cit51] also reported that the Cu^+^ species directly bonded to the oxygen vacancy in CeO~2~ exhibits a high activity for the water-gas shift reaction, where the Cu^+^ site chemically adsorbs CO while the neighbouring O~v~--Ce^3+^ site activates H~2~O. Thus, CeO~2~ functions as a hydrogen dissociation and transfer medium *via* the Ce^3+^···O^2--^ frustrated Lewis pairs[@cit54] and then the neighbouring Cu^+^ hydrogenates the benzene as shown in [Fig. 4d](#fig4){ref-type="fig"}. In addition, benzene temperature programmed desorption (Ben--TPD) was performed to study the adsorption capacity of the benzene ring on Cu~1~Co~5~Ce~5~O~*y*~ and Cu~1~Co~5~Ce~5~O~*x*~ catalysts as shown in [Fig. 3d](#fig3){ref-type="fig"}. The two observed peaks at 100--200 and 250--450 °C are attributed to physical and chemical adsorption of benzene on the two oxide catalysts, respectively. Clearly, chemisorption of benzene on Cu~1~Co~5~Ce~5~O~*y*~ is enhanced after H~2~ pretreatment as evidenced by the increase in desorption temperature from 250 °C to 420 °C, probably due to the strong interaction between benzene and a withdrawing Cu^+^ from the oxygen ring.[@cit55] Besides acetyl benzene, a series of benzene and benzene derivatives including benzene, phenylacetylene and methylbenzene are also fully hydrogenated to the corresponding alkanes using the Cu~1~Co~5~Ce~5~O~*x*~ catalyst under mild conditions ([Fig. 4e](#fig4){ref-type="fig"}), demonstrating the wide applicability of the ternary oxides for efficient benzene hydrogenation. In summary, a new type of Cu--Co--Ce ternary mixed oxide catalyst with remarkable hydrogenation activity of benzene is reported. Formation of Cu^+^ during a simple pretreatment process is considered to be key to the activity promotion, while CoO~*x*~ functions as the Cu^+^ stabilizer and CeO~2~ facilitates the dissociation and transfer of hydrogen. Demonstration of Cu^+^ in Cu~1~Co~5~Ce~5~O~*x*~ as the key component leading to extraordinary hydrogenation activity of substituted benzenes provides new insights into the design and modification of noble-metal-free catalysts for a wide scope of heterogeneous transformations. The resultant turnover number (TON) using Cu~1~Co~5~Ce~5~O~*y*~, Cu~1~Co~5~Ce~5~O~*x*~ and commercial 5 wt% Pd/C in this work was compared. The TON obtained in different catalytic systems was estimated based on the following equation: TON = mmol (ethylbenzene)/mmol (active site).[@cit56],[@cit57] As a result, the TON of the Cu~1~Co~5~Ce~5~O~*y*~, Cu~1~Co~5~Ce~5~O~*x*~ and commercial 5 wt% Pd/C was calculated to be 0, 38.8 and 18.6. It was found that the Cu~1~Co~5~Ce~5~O~*x*~ obtained after H~2~ pre-treatment exhibited a TON value double that obtained using a Pd/C catalyst. The results of stability during five cycles of reuse as well as the XPS and XRD measurements are shown in Fig. S8--S10.[†](#fn1){ref-type="fn"} It was found that the Cu^+^ remained in the 1^+^ valence state after the hydrogenation (Fig. S8[†](#fn1){ref-type="fn"}). This is because the catalyst was pre-treated under the same conditions as the reaction conditions. Thus, during the reaction process within 24 h, the catalyst was stable and there should be no change of valence state during the catalytic recycling (Fig. S10[†](#fn1){ref-type="fn"}). The catalytic results revealed that the catalyst showed very good reusability for at least five cycles without any decrease in the catalytic activity, with \>99% conversion of acetyl benzene and \>95% yield of ethylcyclohexane being obtained in the fifth run. And the XRD results showed that the structure of the recycled catalyst was maintained well after catalyzing the hydrogenation reaction.
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